Background. The effects of bed rest on the dysregulation of fatty acid and glucose metabolism have not been addressed in the older population.
O LDER individuals are often forced to move to a longterm care facility (1) , and this change in lifestyle status may lead to an increase in morbidity and mortality (2) . These risks are compounded by a reduction in physical activity, which has been shown to precipitate the onset of insulin resistance and the degradation of skeletal muscle in younger individuals (3) . Unfortunately, the deleterious influence of bed rest on metabolism has not been evaluated in older adults. Our study sought to examine potential changes in the regulation of glucose and fatty acid metabolism that might be affected by bed rest due to clinical events such as hospitalization, surgery, and hip fracture in the absence of any preexisting comorbidities.
A recent review has promoted the assertion that physical inactivity may promote the concomitant development of insulin resistance, impairments in lipid trafficking, alterations in substrate utilization, and increased deposition of intracellular lipid (4) . Moreover, the overall elevation in plasma free fatty acids (FFA) might stem from this "metabolic inflexibilty," and have a chronic, detrimental influence on the worsening of hepatic and peripheral insulin resistance (5) . For example, excess FFA promotes an increase in hepatic-derived very low-density lipoprotein (VLDL) (6) and the excessive deposition of hepatic lipid, highlighting the important role of the liver in the etiology of insulin resistance (7) . Although bed rest studies in young individuals describe insulin resistance in presence of decreased lipolysis (8) , the effects of bed rest on insulin resistance and FFA metabolism have not been evaluated in older individuals. Therefore, we hypothesized that short-term bed rest would result in the acute onset of hepatic and peripheral insulin resistance and would be potentiated by changes in FFA metabolism in this segment of the population. If short-term bed rest does promote these physiological perturbations, countermeasures must be developed to offset these detrimental clinical consequences.
We utilized a continuous octreotide, basal glucagon replacement, and a multistage insulin infusion (MSI) designed to examine hepatic and peripheral insulin resistance prior to and immediately following 10 days of strict bed rest. The MSI was combined with the infusion of [6,6 2 H 2 ]glucose and [1-
13 C]palmitate and subsequent plasma analysis by gas chromatography/mass spectrometry to derive rates of endogenous glucose production (glucose R a ) and free fatty acid rate of appearance (FFA R a ), respectively.
Methods

Participants
We recruited participants between the ages of 60-85 years (seven female participants/one male participant) within a body mass index range of 20-35 kg m −2 (Table 1 ). All participants were weight stable and ranged between normal glucose tolerance and impaired glucose tolerance (9) . Participants underwent a physical examination, which included a medical history, electrocardiogram, and blood chemistries. A maximal exercise test was utilized for the determination of VO 2 peak. Participants taking medicines or supplements that might have had potential effects on metabolism were excluded. Each participant provided written informed consent, and study procedures were approved by the Institutional Review Board of the University of Arkansas for Medical Sciences.
Experimental Protocol
The entire study protocol entailed ~100 study days. This included a screening visit, 10 days of bed rest, and ~3 months of rehabilitation. Participants were initiated into the study utilizing the University of Arkansas for Medical Sciences Clinical Research Services Core. A pre-bed rest MSI study was performed, and the participants adhered to 10 days of strict bed rest (meaning that volunteers did not get out of bed except to utilize a bedside commode), utilizing inpatient services in the hospital. Nursing services were utilized to maintain appropriate hygiene. On Day 10 of bed rest, a post-bed rest MSI was performed.
Dietary Control
In order to control for variations in dietary intake (10, 11) , all participants consumed a eucaloric diet, providing the protein recommended daily intake of 0.8 g kg -1 d -1 throughout the dietary stabilization and bed rest periods. Protein was a lacto-ovo vegetarian form during diet stabilization and bed rest (12, 13) . The nonprotein macronutrient components of the diet provided approximately 60% energy from carbohydrate and 40% from fat. The diet consisted of a 3d rotation designed to maintain body weight throughout the study. An activity factor of 1.6 during diet stabilization (study days 1-8; Table 2 ) and 1.3 during bed rest (study days 9-19) was used to estimate daily energy requirement according to the following equation: energy requirement (kcal) = [66 + (13.7 × weight in kg) + (5 × height in cm) − (608 × age in y)] × activity factor.
octreotide, Basal Glucagon Replacement, and MSI
Following an overnight fast, an intravenous catheter was placed in a peripheral vein for infusion purposes. In order to obtain plasma samples, a second venous catheter was placed in a hand vein using the heated hand technique. Blood samples were collected to determine the background enrichments of plasma glucose and palmitate. To measure basal glucose R a and insulin-mediated suppression of glucose production (ISGP), a priming dose (3.27 0.44 µmol kg −1 min −1 from time = 120 to 240 min to minimize changes in plasma glucose enrichment (14) . We also infused [1- Plasma glucose was measured every 5-10 minutes by the glucose oxidase method (Glucose Analyzer 2, Beckman Coulter Inc., Brea, CA). The insulin infusion rate in the first stage was representative of plasma insulin ~twofold greater than fasting levels, and provided an ideal scenario to measure insulin-stimulated suppression of glucose R a by mild hyperinsulinemia (12) .
Blood samples were collected every 20 min during the MSI, centrifuged for 20 min at 4ºC, and stored at -70ºC for future analysis. Plasma insulin concentrations were determined using a double-antibody system (13) . Plasma deproteinization and purification were completed, and glucose enrichments were determined using gas chromatography/ mass spectrometry analysis (Agilent Technologies, Palo Alto, CA) (16) .
Calculations
Glucose R a was calculated for the basal period and modified for transitions in steady-state conditions (18) using the original equations of Steele (19) . ISGP was calculated as 1 − (mild hyperinsulinemia glucose R a /basal glucose R a ) × 100, and indicates the degree of glucose R a suppressed under basal glucagon/mild hyperinsulinemic conditions. Using this approach, ISGP reflects hepatic insulin sensitivity. In the second stage of the MSI, ISGD was determined during the last 30 minutes of the 240 minute clamp.
The plasma FFA concentration was determined by the gas chromatography/mass spectrometry analysis of the seven individual fatty acids. FFA R a was then calculated by dividing palmitate R a by fractional contribution of palmitate to the plasma FFA concentration (16) .
Energy Expenditure
The metabolic rate was measured during each MSI study by indirect calorimetry at t = −120 to −90 minutes for basal period and t = 210-240 minutes for the hyperinsulinemic period (Vmax 29N, Sensormedics, Yorba Linda, CA).
Aerobic Capacity test
An exercise stress test was performed pre-and post-bed rest to determine VO 2 peak on a bicycle ergometer (Lode, Groningen, Netherlands) (12) . Respiratory gases were collected and analyzed using indirect calorimetry (Vmax 29N, Sensormedics).
Body Weight and Body Composition
Body mass, height, and body composition testing were measured during pre-and post-bed rest testing sessions. Body composition was measured by dual energy x-ray absorptiometry using a Hologic QDR 2000 densitometer (Hologic Inc., Bedford, MA) (12) . A lateral scout was used to identify the L4-L5 vertebral disc space, and a cross-sectional 10 mm scan was obtained using 280 mA (17) . Total visceral adipose tissue (VAT) was determined using public domain imaging software (National Institutes of Health). VAT was highlighted and computed using an attenuation range of −190 to −30 Hounsfield units (HU). Total abdominal subcutaneous adipose tissue cross-sectional area was determined by identifying the area between the skin and the external-most aspect of the abdominal muscle wall. The computed tomography images obtained were digitized by Hounsfield units density to separate fat, muscle, and bone compartments using the National Institutes of Health image program on a Macintosh Centris 660av computer. In our laboratory, the coefficient of variation for the measurement of fat area is 1.0%-1.5% (20) .
Statistical Analyses
Statistical comparisons regarding ISGP, ISGD, FFA R a , insulin, and FFA concentrations between groups and over time were made using two-way analysis of variation designed to account for repeated measures. Tukey post hoc tests were applied to significant group × time interactions. Statistical comparisons regarding anthropometrics, VO 2 consumption, energy expenditure, fuel oxidation, and plasma lipids were made using paired t tests. Data are reported as means ± SEM.
Results
Participants
We enrolled 7 female older volunteers and 1 male older volunteer (64 ± 3 y), and all participants were able to comply with the study protocol ( Table 1 ). There were no dropouts.
Anthropometrics
Body weight, body mass index, and body composition were not changed (Table 1) . Although there was no change in abdominal subcutaneous adipose tissue, there was a small reduction in VAT (p = .01) ( Table 1) .
Maximal Exercise test
Basal VO 2 consumption was equivalent at pre-and postbed rest. However, bed rest induced a significant decrease in VO 2 peak (p = .001) ( Table 1) .
Plasma Lipids
Although total cholesterol was unchanged, plasma triglycerides increased (p = .03) with bed rest (Table 2 ). There were no significant changes in low-density lipoprotein or high-density lipoprotein, but low-density lipoprotein/highdensity lipoprotein ratio and VLDL were increased (p = .02; p = .001) ( Table 2 ).
Plasma Insulin
Insulin was similar at baseline, and insulin increased similarly during the first and second stages of the MSI preand post-bed rest (Table 1) .
Energy Expenditure and Fuel Utilization
Basal energy expenditure, respiratory exchange rate (RER), and fuel utilization were not different under preand post-bed rest conditions (Table 3) . Although glucose oxidation increased from basal to moderate hyperinsulinemic conditions, the change was not different at pre-and post-bed rest (Table 3) .
Glucose Metabolism
Fasting plasma glucose increased significantly with bed rest (p = .005). Basal glucose R a was not different between pre-and post-bed rest conditions. ISGP decreased significantly from pre-bed rest (24% ± 6%) to post-bed rest (8% ± 3%) conditions (p = 04; Figure 1) , and there was also a significant decline in ISGD with bed rest (−2.0 ± 0.6 mg kg FFM −1 min −1
; p = .01; Figure 2 ).
Fatty Acid Metabolism
Basal FFA R a was not different between pre-and postbed rest conditions. FFA R a did not change during the first stage of MSI but increased (p = .02) in the second stage of the MSI under pre-bed rest conditions (Figure 3 ). Under post-bed rest conditions, there was a significant increase in FFA R a during the first stage (p = .03) and second stage (p = .01) of the MSI. There was also a significant difference between pre-and post-bed rest plasma FFA in the first stage of MSI (p < .05) (Figure 4) .
Discussion
This is the first report that describes changes in hepatic and peripheral insulin sensitivity prior to and immediately following bed rest in older, overweight individuals. We found hepatic insulin resistance that worsened significantly with bed rest. Moreover, this coincided with the maintenance of FFA levels despite hyperinsulinemia. Based on stable FFA concentrations throughout the MSI, FFA R a also worsened with bed rest suggesting increased lipid removal from the circulation. Peripheral insulin resistance was modest under pre-bed rest conditions but worsened with bed rest. We also noted an elevation in fasting plasma glucose with 10 days of bed rest. In addition, plasma triglycerides, VLDL, and the low-density lipoprotein/high-density lipoprotein ratio increased significantly with bed rest. This further supports the notion that the dysregulation of glucose and fat metabolism in older individuals is interrelated and that the etiology of this physiological condition worsens significantly with acute onset of bed rest.
We have previously compared the pitfalls of indirect estimates of insulin sensitivity (21) . We have now replicated mild and moderate hyperinsulinemia under pre-and postbed rest conditions using the MSI procedure. Because it has also been demonstrated that changes in physical activity can affect insulin kinetics (22), we utilized octreotide to suppress endogenous insulin secretion and delivered exogenous insulin infusion rates that yielded equivalent insulin concentrations under pre-and post-bed rest conditions. Therefore, the MSI enabled us to evaluate changes in ISGP, ISGD, and FFA R a pre-and post-bed rest without the complication of different insulin and glucagon concentrations. The MSI was also combined with the application of stable isotope tracer methodology. We were then able to determine the impact of bed rest on FFA kinetics, and ISGP and ISGD in older, overweight individuals. It is also important that the examination of these variables closely replicated the actual physiological scenario(s) in this population where the regulation of metabolism might be compromised (20, 23) .
The proposed mechanisms by which impairments in insulin-mediated suppression of FFA R a potentially induce insulin resistance are complex. Despite the modest reduction in VAT following bed rest, the importance of hepatic lipid deposition and not VAT per se on the etiology of insulin resistance in the liver was evident (7). We are not aware of any physiological rationale for the decrease in VAT, and the inclusion of computed tomography-derived appendicular data would have been interesting given the divergent responses of VAT compared with abdominal subcutaneous adipose tissue. Alterations in lipid availability/ Fat oxidation: basal (% of total) 47 ± 8 45 ± 7 Fat oxidation: hyperinsulinemia (% of total) 17 ± 4 24 ± 7 Figure 1 . Insulin-stimulated suppression of glucose R a under pre-and post-bed rest conditions. *Denotes a significant reduction. Figure 2 . Insulin-stimulated glucose disposal under pre-and post-bed rest conditions. *Denotes a significant reduction.
energy demand might have led to an increase in circulating levels of FFA, and this may have had a negative influence on insulin's ability to shut off hepatic glycogenolysis (24) . Moreover, derangements in fatty acid metabolism/energy demand affect regulation of gluconeogenesis with only small changes in insulin being necessary to lower FFA concentrations in the normal healthy condition (25) . However, greater impairments in insulin-mediated suppression of lipolysis may exist in older individuals (26) . Our current data regarding ISGP corroborates with reports of bed rest-induced hepatic insulin resistance in younger, healthy individuals (8) . Similar to our study, these authors reported elevations in plasma triglycerides and VLDL after 9 days of physical inactivity. It has been suggested that the accumulation of lipid may be augmented by decreased physical activity, and this could ultimately enhance hepatic lipogenesis (27) . Although previous studies comparing younger and older lean individuals described similar rates of lipid kinetics (28), these measurements were conducted under basal insulin concentrations. In our study, the hyperinsulinemic environment did not effectively suppress FFA levels as evidenced by very little change in plasma FFA and an elevation of FFA R a . This impairment supports the notion that hepatic lipid clearance may be accelerated in older individuals. Therefore, increased FFA R a under hyperinsulinemic conditions may have promoted bed rest-induced increases in triglycerides, VLDL, and the ratio of low-density lipoprotein/high-density lipoprotein (29) .
The majority of studies examining the influence of bed rest on insulin sensitivity have focused primarily on muscle (30) . The importance of muscle may have been fostered by studies where bed rest-induced decreases in glucose tolerance were remitted as soon as the patients resumed ambulation (31). These were followed up by employing the use of the euglycemic clamp procedure, demonstrating an adverse influence on whole-body glucose utilization (eg, 80% derived from skeletal muscle) (32) . Bed rest promoted peripheral insulin resistance in this study, but the impact is, while significant, not as profound as originally anticipated. VO 2 peak was relatively low prior to bed rest and decreased with bed rest. Given the low oxidative capacity of our older, overweight volunteers, one might have been hypothesized a preferential shift toward increased carbohydrate oxidation (33) . This is supported by the accumulation of muscle fat following bed rest in lean individuals (34) . On the contrary, bed rest did not foster a change in metabolic inflexibility or muscle lipid in older, overweight adults. Nonetheless, the ectopic accumulation of diacylglycerol, increased inflammation, and/or cellular stress indicators may have promoted a greater degree of peripheral insulin resistance (5). This certainly falls in line with recent studies in transgenic mice that connect increased FFA delivery/reesterification to increased expression of acyl-CoA:diacylglycerol acyltransferase1 that exceeded mitochondrial fatty acid oxidation. In these studies, alterations in delivery/reesterification led to an increase in muscle diacylglycerol content that was directly associated with peripheral insulin resistance (35) . On the other hand, lowering plasma lipids with the use of peroxisome proliferator-activated receptor-alpha agonists had no impact on insulin sensitivity in elderly individuals (36) .
Dietary control is another factor worthy of consideration since the deficiency or lack of nutrients can affect the regulation of metabolism (30) . For example, the consumption of a high-fat diet during 60 hourof bed rest reduced whole-body insulin sensitivity by ~24%, and individuals fed a highcarbohydrate diet preserved their insulin sensitivity (37) . In our study, where 60% of the nonprotein macronutrient intake was provided in the form of carbohydrate, bed rest promoted insulin resistance in the liver and skeletal muscle. This contrasts somewhat with the earlier studies in younger populations where decreasing the availability of dietary fat seemed to have a protective influence on the incidence of insulin resistance (37) .
In our previous bed rest studies, we have observed the onset of intracellular deposition of triglycerides in both the liver and muscle (21) and that this corresponds to the development of insulin resistance in normal participants (37) . In this study where insulin sensitivity was less than half of previously reported values in normal healthy individuals (38) , the glucose and FFA kinetic data, coupled with the substrate oxidation data (Table 3) , provides insight into the mechanism responsible for the deposition of intracellular lipid with bed rest. The provision of exogenous glucose in the context of the hyperinsulinemic clamp stimulated glucose oxidation, even in the presence of insulin resistance. The stimulation of glucose oxidation in the insulin resistant state is consistent with previous observations that the capacity to oxidize glucose may be normal when the hypoglycemic influence of insulin is attenuated (39) . Further, when glucose oxidation is accelerated, a decrease in fatty acid oxidation is expected, even when FFA availability is high (40) . The anticipated level of insulin-stimulated suppression of FFA R a was absent in our older, obese individuals. Therefore, fatty acid oxidation may have reduced even though FFA availability remained relatively constant.
In conclusion, the results of this study demonstrate that unique abnormalities in insulin-mediated suppression of FFA R a exist in older, overweight individuals, and this may be related to marked impairments in ISGP. Second, bed rest impairs insulin-mediated suppression of FFA R a and ISGP, and also contributes to significant reductions in ISGD. As previously suggested by Boden and coworkers (24), we propose that the alteration of FFA metabolism may contribute to insulin's compromised ability to inhibit glucose R a and may to a lesser extent also promote ISGD in older, overweight individuals. Future studies are needed to evaluate lipid trafficking into adipose tissue, liver, and skeletal muscle, and determine the role of changes in inflammation that occur in adipose tissue. This is important because these abnormalities are potentially promoting metabolic dysregulation in this specific population in the context of clinical care. Otherwise, it will be difficult to develop effective countermeasures that might be used to mitigate the acceleration of metabolic risk in older, obese individuals.
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